In previous experiments, the homeodomain proteins even-skipped and fushi-tarazu were found to UV cross-link to a surprisingly wide array of DNA sites in living Drosophila embryos. We now show that UV cross-linking gives a highly accurate measure of DNA binding by these proteins. In addition, the binding of even-skipped and fushi-tarazu proteins has been measured in vitro to the same DNA fragments that were examined in vivo. This analysis shows that these proteins have broad DNA recognition properties in vitro that are likely to be important determinants of their distribution on DNA in vivo, but it also shows that in vitro DNA binding specificity alone is not sufficient to explain the distribution of these proteins in embryos. 
Many of the proteins that regulate Drosophila development are transcription factors that share a homologous DNA binding domain termed the homeodomain. As with many other eukaryotic transcription factors, it has been difficult to determine which DNA sites are bound by homeodomain proteins in vivo. This is due to the complex and redundant nature of the regulatory network in which homeodomain proteins act and because many of these proteins recognize the same DNA sites (1) .
To allow identification of DNA sites bound by sequencespecific transcription factors in vivo, we previously improved the sensitivity of an established in vivo cross-linking protocol (2, 3) . This method involves immunoprecipitation of proteins that have been cross-linked to DNA with UV light in vivo and subsequent characterization of the attached DNAs by southern blotting. Using this approach to study the DNA binding of the homeodomain proteins even-skipped (eve) and fushi-tarazu (ftz) gave the following striking results (3): (i) both proteins cross-linked at nearly uniform levels throughout the length of several genetically identified target genes; (ii) cross-linking was also detected at lower but significant levels to a series of randomly chosen genes for which there was no evidence suggesting that they were regulated by eve or ftz; and (iii) eve and ftz proteins appeared to have very similar DNA binding specificities in vivo. In contrast, a nonhomeodomain transcription factor, zeste, was detected only on short DNA elements within a target promoter and not on other genes. Although the binding pattern of eve and ftz proteins is much broader than predicted by earlier models, it is consistent with the relatively high abundance of these proteins in embryos. We also suggest that these data support models in which related homeodomain proteins act by regulating largely the same target genes (3) (4) (5) . An (Fig. 1A) . The same result was observed using a filter binding assay ( Fig. 2A; (Fig. 2 A and B) , and this result applies to a wide range of UV irradiation times. Furthermore, the proportionality between binding and crosslinking also applies when much smaller DNA fragments are examined (Fig. 2C) 
Proc. Natl. Acad. Sci. USA 93 (1996) "II4"ll ltbi-,-:.--by a closed chromatin structure in vivo. Conversely, Actin 5C is heavily transcribed, and hsp70 is known to be in an "open" chromatin conformation (13, 25), which might account for the fact that binding to these genes in vivo is higher than to rosy orAdh, despite the fact that Actin 5C and hsp70 are the more weakly bound genes in vitro.
We next examined in vitro binding to DNA fragments spanning the length of two genetic targets of eve and ftz, the eve andftz genes themselves. In embryos, strong and relatively uniform cross-linking by eve and ftz proteins was seen on many kilobase pairs of these two targets in vivo (3) . In contrast, earlier in vitro studies reported that ftz protein binds only to a 2-kb upstream autoregulatory region of theftz promoter (8, 9) , and that eve protein binds only to three short regions of the eve promoter (6, 7). Significantly, at 150 mM NaCl, we observed binding of eve, ftz, and Dfd proteins to other regions of these promoters as well, and, in most cases, only 2-to 3-fold differences in binding are seen between many fragments across a promoter (Fig. 3 A, C, and D) . At higher NaCI concentrations, however, much greater differences in binding are seen between DNA fragments, especially in the case of the ftz protein (Fig. 3B) , giving a pattern of binding more similar to that of the earlier reports (8, 9). Thus, the less selective binding observed at 150 mM NaCI in vitro is more similar to that observed in vivo, and so these conditions may provide a more relevant description of these proteins' DNA binding properties. However, even under these conditions, some differences between binding in vitro and in vivo are still observed, as illustrated in Fig. 3D . Fig. 4 shows a quantitative comparison of binding in vivo and in vitro to the various genes examined in this paper. In addition to the points made earlier, this figure illustrates that binding to a genetically characterized regulatory target in vitro can be comparatively weak. Specifically, eve and ftz proteins bind to the eve gene more weakly in vitro than to genes such as rosy and Adh, even though in vivo the reverse preference is observed. These results suggest that binding to the eve gene in vivo could be facilitated by the kinds of cooperative interactions with other transcription factors that have been noted in other systems (26, 27) . In this regard, it is interesting that ftz molecules lacking the DNA binding domain have been shown to still regulate transcription in embryos, suggesting that interactions with other proteins may indeed be able to recruit ftz protein to some promoters (28) . However, it is also possible that eve and ftz proteins bind more strongly to the eve gene than to genes such as rosy and Adh entirely because of differences in the chromatin structure and hence accessibility of these genes.
The experiments presented here appear to argue against one of the models by which homeodomain proteins have been suggested to act. This model envisions that the modest differences in DNA binding specificity observed in vitro between homeodomain proteins might be greatly increased in vivo, causing these proteins to occupy mostly different DNA sites (reviewed in refs. 1 and 29) . In vitro, we observe that eve, ftz, and Dfd proteins all bind to largely the same high-affinity sites with similar specificity, but that ftz protein binds very weakly or not at all to many sites which Dfd and eve bind with moderate affinity (see Figs. 1 and 3 ). In contrast, the relative levels of binding of eve and ftz proteins to all DNAs examined in vivo are virtually identical (3) . Thus, instead of observing an amplification of differences in DNA binding specificity, the data indicate that such modest differences are actually reduced in vivo. The similar and widespread binding of eve and ftz proteins in vivo also differs dramatically from the distribution predicted by another model of homeodomain targeting (27) (35, 36) suggest that this number could be very large. This observation is consistent with our finding that high-affinity homeodomain binding sites are very abundant in Drosophila genes.
In vivo UV cross-linking with sequence-specific transcription factors is a generally applicable method that has now been carried out successfully with four transcription factors containing three distinct DNA binding domains (3, 37) . In this paper, we have presented further evidence that UV crosslinking provides a quantitative measure of binding to different DNA sequences in vivo. As a method that also provides unambiguous identification of the factor involved in binding, in vivo cross-linking is unique. Thus, this method has the potential to increase our limited understanding of the parameters that influence DNA binding of sequence-specific transcription factors in living cells.
